Based on sex-stratified genome-wide association study (GWAS) of Han Chinese, 2,178 centenarians and 2,299 middle-aged controls, we identified 11 male-and 12 female-specific independent loci that are significantly associated with longevity (P<10 -5 ), replicated in independent North and South regions in one sex, but are not significant (P>0.05) in the other sex. We found that the association of rs60210535 at LINC00871 with longevity replicated well between Chinese females (P=4.6x10 ), but was not significant in both Chinese and U.S. males (P>0.05). We discovered that 11 male-specific and 34 female-specific pathways are significantly associated with longevity (P<0.005, false discovery rate (FDR) <0.05).
Abstract
Based on sex-stratified genome-wide association study (GWAS) of Han Chinese, 2,178 centenarians and 2,299 middle-aged controls, we identified 11 male-and 12 female-specific independent loci that are significantly associated with longevity (P<10 -5 ), replicated in independent North and South regions in one sex, but are not significant (P>0.05) in the other sex. We found that the association of rs60210535 at LINC00871 with longevity replicated well between Chinese females (P=4.6x10 -5 ) and U.S. females (P=9.0x10 -5 ), but was not significant in both Chinese and U.S. males (P>0.05). We discovered that 11 male-specific and 34 female-specific pathways are significantly associated with longevity (P<0.005, false discovery rate (FDR) <0.05).
Male-specific pathways are enriched for inflammation and immunity genes, but female-specific pathways include tryptophan metabolic and PGC-1α pathways that converge to mitochondrial biogenesis. Polygenic risk score (PRS) analyses demonstrated that 11/12 male/female top loci (P<10 -5 in one sex, P>0.05 in other sex), 44 /58 male/female strong loci (10 
≤P<10
-3 in one sex, P>0.75 or P>0.7 in other sex) are jointly and highly associated with longevity exceeding a significance level P<10 -8 in one sex, but not jointly associated with longevity in the other sex (P>0.05). Our integrated PRS and novel sex-specific genetic relative benefit/loss ratio analyses indicate that females' genetic constitution favors longevity more than males'. Further interdisciplinary collaborative efforts are warranted, such as replications from other populations, international meta-analyses with much larger sample size, lab tests, and in silico functional validations.
Significance Statement: On average, women live significantly longer lives than men but they have lower physical performance and more adverse health outcomes at older ages compared to men: patterns that signify the male-female health-survival paradox (1) . Research on sex differences in health and mortality has proliferated, but has yet to achieve a good understanding of the effects of genetic variants on the sex gap in longevity and health. Based on sex-stratified genome-wide association analysis (GWAS) of Han Chinese including centenarians with a sample size 2.7 times as large as other published largest single GWAS on longevity involving centenarians (2), the present study aims to contribute a better understanding of sex differences in genetic associations with longevity.
\body

INTRODUCTION
Existing literature indicates that the associations of some specific genetic variants with health outcomes differ between men and women. For example, a significantly higher cumulative genetic risk for systemic lupus erythematosus was observed in men than in women (3) . A recent study summarized 33 autosomal loci that have sex-specific effects on 22 traits including Crohn's disease, type 2 diabetes mellitus, plasma homocysteine, high density lipoprotein and thyroid stimulating hormone (4) . It was found that the risks associated with the apolipoprotein E4 allele and the brain derived neurotrophic factor (BDNF) Met66 allele are greater in women compared to men (5, 6) .
It is widely recognized that centenarian genomes may harbor genetic variants associated with health and longevity and thus all of the GWAS on longevity use centenarians (and nonagenarians; a few used aged 85+) as cases and middle-aged or young-old adults as controls (7, 8) (section S1 of Supplemental Materials (SM)). All previously published GWAS on longevity employed sexes-combined datasets adjusted for sex as a covariate (2, 7, 9, 10) . A few longevity GWAS studies conducted sex-specific analyses on the significant loci that were identified and replicated in the sexes-combined discovery and evaluation stages, but none of those studies found that replicated loci had significant sex differences in the association with longevity (2, 7, 9, 10) . These results are expected statistically, because the tested variable cannot be significant and replicated in the sexes-combined datasets if it is significant in one sex but not significant in the other sex, given that the sub-sample size of either one of the two sexes is usually not small as to affect the overall results in sexes-combined dataset (11) . In other words, the genetic variants associated with longevity identified in all previously published GWAS are sex-independent.
To identify sex-specific genetic variants associated with longevity, we conducted the first sex-stratified GWAS using Han Chinese independent datasets of 564 male and 1614 female centenarians and 773 male and 1526 female middle-aged controls from the Chinese Longitudinal Healthy Longevity Study (CLHLS) (SM Table 1 ).
There were approximately five centenarians per million in China in the 1990s, compared with 50 per million in Western Europe in the same period (12) . Plausibly,
Han Chinese centenarians may be more likely to have longevity-associated genes than their centenarian counterparts in the Western world since they survived more brutal mortality regimes of the past when famine, wars, and starvation operated on birth cohorts of many millions. And unlike Western countries that received many international immigrants from other parts of the world resulting in relatively heterogeneous genetic compositions even within the same ethnic group, China has received very few international immigrants. Consequently, Han Chinese (consisting of about 93 percent of the total population in China) are relatively more homogenous in genetic composition compared to their Western counterparts (13) . Thus, this sex-stratified GWAS with large samples of Han Chinese male and female centenarians is expected to be instrumental for understanding sex differences in genetic associations with longevity.
RESULTS
Analytic Overview
We use the CLHLS GWAS datasets which were published recently (10) (SM section S2). After standard GWAS quality-control filtering for subjects and single nucleotide polymorphisms (SNP) as described in the reference (10), 5.6 million SNPs (0.82 million genotyped SNPs and 4.8 million imputed SNPs) in 564 male and 1614 female centenarians and 773 male and 1526 female middle-aged controls form the basis for our sex-stratified GWAS. Based on existing literature on Chinese genetic studies (13) and principal component analysis (10), we stratified the sex-specific samples into independent North and South regions as discovery and evaluation datasets (SM Table 1 ). The genomic inflation factors (λ) in the South, North and combined datasets were 1.022, 1.010 and 1.022, respectively, indicating that the effects of population stratification on genetic analysis are well controlled (10) . The Manhattan plots and quantile-quantile plots for male/female and North/South datasets indicate that there is no inflation of the associations (SM Figs 1-4 ).
We conducted the following two-stage consecutive analyses:
Stage I. Sex-stratified GWAS to identify sex-specific loci and pathways associated with longevity and make international comparisons, including three steps: a) Single SNP analysis using sex-specific independent datasets from North and South regions of China as discovery and evaluation samples; b) Comparisons with the results from the longevity GWAS of the European longevity genetics consortium (IDEAL) and the U.S.
New England centenarian study (NECS); c) Sex-specific pathway analysis.
Stage II. Polygenic risk score (PRS) analyses to further assess the joint effects of the groups of sex-specific loci identified in Stage I and explore the sex differences in genetic association with longevity, including three steps: a) PRS analyses for males and females separately (methods section M2.1); b) Integrated PRS analysis, based on estimates of the odds ratios of longevity among those with different combinations of sex and the genotype (methods section M2.2 and SM section S4); c) Estimates of the sex-specific genetic relative benefit/loss ratios (methods section M2.3).
Single SNP analysis for males and females separately
The recent literature on GWAS indicates that researchers defined a priori discovery threshold of P<10 -5 , P<10 -4 , or P<10 -3 , depending on the circumstances of the research topics and the characteristics of the datasets used ( [14] [15] [16] . In the present study, we aim to identify SNPs which may individually have very small effects, but may jointly have large effects on the complex trait of longevity in men and women, respectively. Thus, we believe that it is reasonable to choose a modest a priori threshold of P<10 -3 for the sex-stratified discovery stage.
As shown in Table 1 , we identified 11 independent loci (r 2 <0.1, representing 24
SNPs) associated with longevity that replicated in male discovery and evaluation datasets of North and South regions of China and reached P<10 -5 in the male North-South combined dataset. However, they were not significant (P >0.05) in the female North-South combined dataset.
Of the 11 loci that replicated in males, rs1950902 in the MTHFD1 gene is a non-synonymous SNP that causes a C to T transition at nucleotide 401 resulting in an arginine to lysine substitution at amino acid 134 (C401T; R134K). A previous study showed that MTHFD 401 CC was associated with a significantly increased risk of gastric cancer (adjusted OR, 1.43; 95% CI, 1.14-1.80) compared with 401 TT/TC genotypes (17) . In the present study, the MTHFD1 401 T allele is highly associated with longevity in males (P=1.09 x 10 -7
), but was not significant in females (P=0.949) (Table 1) . A locus (rs12199884) in PKHD1 (polycystic kidney and hepatic disease-1) is negatively associated with longevity in males (P= 4.11 x 10 -6 ) but not significantly associated with longevity in females (P=0.941).
-- Table 1 here-- Table 2 presents the 12 independent loci (representing 38 SNPs), whose associations with longevity were replicated in the female discovery and evaluation datasets of the North and South regions of China and reached P <10 -5 in the female North-South combined dataset. None of these loci is significant (P >0.05) in males. Of these 12 loci, SNP rs71352238 in the promotor region of TOMM40 is associated with aging in females (P=9.99 x 10 -6 ) but not in males (P=0.79) in a study involving 5 UK cohorts of older adults (3511 individuals born between 1921 and 1936) and 3 Swedish replication cohorts (N=1367) (18) . Previously, two SNPs (rs17047650, rs10433502) at FAM19A1 were discovered to have protective effects on aging (P<5.0x10 -5 ) in a GWAS of 1,385 subjects (19) . However, in the present study these 2 SNPs showed no associations with longevity and no sex difference; instead, another SNP rs1027238 at FAM19A1 was associated with longevity in females (P= 2.79 x 10 -6 ) but not in males (P=0.374). SNPs in/near TBX3 are significantly associated with longevity in females, but not in males in the present study, which is consistent with previous findings that TBX3 played an important role in mammary gland development and breast cancer with a close relationship to estrogen (20) .
In addition to the 11 male-and 12 female-specific replicated top loci (P<10 -5 in one sex but P>0.05 in other sex), our sex-stratified GWAS found that 71 male-and 98 femalespecific independent loci (representing 486 male and 358 female SNPs, respectively) are associated with longevity in one sex (10 -5 ≤ P <10 -4 ), but are not significant in the other sex (P>0.05). We also found that 607 male-and 783 female-specific independent loci (representing 4,551 male and 5,450 female SNPs, respectively) are associated with longevity in one sex (10 -4 ≤ P<10 -3 ), but not significant in the other sex (P>0.05).
Comparison of Han Chinese sex-specific longevity loci with results of European and U.S. GWAS on longevity
We performed a comparative analysis in which we used the Han Chinese sex-stratified GWAS as discovery and two European/American sex-stratified GWAS on longevity (IDEAL and NECS) as evaluations. Table 2 show six independent sex-specific loci associated with longevity (P<10 -4 ) in the Han Chinese GWAS that replicated with at least nominal significance (P <0.05) in one sex but were not significant in the other sex in IDEAL GWAS (2 loci) or in NECS GWAS (4 loci). Among these six loci, the rs60210535 of LINC00871 replicated well between Chinese females (P=4.6x10 -5 ) and U.S. females (P=9.0 x10 -5 ), but is not significant in both
Chinese and U.S. males (P>0.05). Another female-specific independent locus ABCG2 has a P=6.8x10 -5 in CLHLS females and a P=0.003 in IDEAL females but is not significant (P>0.05) in both Chinese and European males. ABCG2 is expressed in multiple tissues, participates in xenobiotic metabolism, and is a well-known breast cancer resistance protein (BCRP) (21) . Hence, ABCG2/BCRP may contribute to the natural resistance and longevity of normal stem cells. LINC00871 is a non-coding RNA gene and its function is uncertain.
Sex-specific pathway analysis
The results of our sex-specific pathway analysis (Methods section M1.2) suggest that there are sex-specific differences in the biochemical pathways that influence human longevity. In males, 11 pathways were significantly (P<0.005 and FDR<0.05) enriched and associated with longevity (SM Table 3 ). These pathways are mainly enriched for immune and inflammatory response pathways including inflammatory cytokines and Toll-like receptor (TLR) signaling pathways.
In females, 34 pathways were significantly enriched (P<0.005 and FDR<0.05) and clustered to metabolic pathways (SM Table 4 ). The tryptophan metabolic pathway and the PPARγ coactivator-1α (PGC-1α) pathway were among the top pathways in this set.
The PRS analyses for males and females separately
There are three main reasons to conduct PRS analyses following the sex-stratified GWAS. First, as presented earlier, each of the sex-specific loci associated with longevity identified in our sex-stratified GWAS has a very small effect, none of them reached genome-wide significance, and further assessments of their joint effects are needed. Second, although the identified sex-specific loci individually have no significant effect in the other sex (P>0.05), their joint effects could be significantly associated with longevity in the other sex (see SM section S5 for numerical illustrations). Thus, we must evaluate this possibility through PRS analysis with one sex as discovery and other sex as target to further reconfirm or disapprove the candidate sex-specific loci identified in our sex-stratified GWAS. Third, in general, it is impossible to address the present study's main research question on whether the genetic association with longevity is stronger in males or females to better understand the male-female health-survival paradox (1), solely based on the single SNP analysis of the sex-stratified GWAS. We therefore must follow up to conduct PRS analysis to explore the sex differences in the joint effects of the identified loci. This is consistent with the final conclusion of Rietveld et al. (22) "Identifying SNPs and constructing polygenic scores are steps toward usefully incorporating genetic data into social-science research." The methods used for our PRS analyses are described in Method section M2.
We first conducted PRS analysis for males and females separately, using the dataset of one sex as the discovery sample and the independent dataset of other sex as the target sample (Method section M2.1). We used the following criterion to judge if a group of loci identified in our sex-stratified GWAS represent true sex-specific longevity loci: if they have joint effects associated with longevity and reach a significance level of P< 10 -8 in one sex but are not jointly significant in the other sex (P>0.05), they are reconfirmed as sex-specific longevity loci; otherwise, they are not.
Note that the lack of significance in the other sex in our PRS analyses is not due to lack of statistical power, because the power of our PRS analyses is excellent for both sexes (to be discussed later).
Panel (A) of SM Table 5 shows that the 11 male-specific independent loci have joint effects associated with longevity and had P=1.6x10 -14 ~ P=1.1x10 -10 in the male North-South combined dataset. However, as shown in panel (B) of SM Table 5 , the joint effects of the 11 male-specific loci are not associated with longevity in females (P>0.05); thus, they are confirmed to be male-specific longevity loci. Similarly, the results presented in panels (A) and (B) of SM Table 6 indicate that the joint effects of the 12 female-specific loci are associated with longevity and exceed the significance level of P <10 -8 in females, and that these 12 female-specific loci's joint effects are not associated with longevity in males (P>0.05).
The results of the foregoing PRS analyses of the 11 male-and 12 female-specific loci reconfirmed that they are truly sex-specific longevity top loci. However, the question remains: Could we identify larger sets of loci that fulfill the criterion of being a group of sex-specific longevity loci, jointly significant with P<10 -8 in one sex but not jointly significant in other sex (P>0.05), with relaxed P-value thresholds such as P<10 -4 or P<10 -3 in selecting the loci to be included for constructing the PRS, that also have been used in the literature ( [14] [15] [16] [23] [24] ? To address this question, as described in SM section S5, we further identified four additional exclusive groups of sex-specific longevity-associated loci that fulfill the criterion, following a trial and error approach for selecting an ideal P T (P-threshold) to provide the best-fitting PRS using the PRSice method and software (25) . The four additional groups of sex-specific longevity loci are: i) 44 male-specific longevity strong loci with a 10 -3 in females but P>0.7 in males.
≤P<10
We conducted additional PRS analyses on these four groups of loci. The results of these PRS analyses presented in panels (A) and (B) of SM Tables 7-10 indicate that the 44 male-and 58 female-specific strong loci ( We decided not to use the much larger number of loci with a P<0.01 or P<0.05
in one sex but P>P T in the other sex in our PRS analyses because it could lead to overfitting --adding complexity but increasing bias (27) . We did not find any loci associated with longevity with a P<10 -3 in both sexes but in opposite directions. We found 51 loci with a 10 -3 ≤P<0.01 in both sexes but in opposite directions and 1,171
loci with a 10 -3 ≤P<0.05 in both sexes but in opposite directions. We do not include these loci in our present PRS analyses because they do not meet our a priori discovery threshold (P<10 -3 ) and due to space limitation, but they may be analyzed in further investigations.
Integrated PRS analysis on sex-specific longevity loci to better understand sex differences
To quantify and better understand the sex differentials in genetic associations with longevity, we conducted integrated PRS analyses to assess differences in the odds ratio of longevity between those who have different combinations of the statuses of sex (male, female) and the genotypes measured by the trisections of the PRS (high, medium, low) summarizing the identified sex-specific longevity loci (Methods section
M2.2 and SM section E4). As shown in Fig 1a, compared to males with the
Middle-PRS as a reference group, the likelihood of longevity (measured by becoming a centenarian) of males with Low-PRS is 69.3% smaller (P=6.1 x10 -14 ) and of males with High-PRS is 152.1% larger (P=4.3 x10 -11 ). However, there is little difference in the odds ratios of longevity between females who have Low-PRS, Middle-PRS or High-PRS of the 11 male-specific longevity loci, and the curve is very flat (i.e., no effects in females). ), and for women with High-PRS is 95.5% larger (P=1.9 x10 -13 ). 
Sex-specific genetic relative benefit/loss ratios
Results of the own-sex-specific longevity loci
As indicated in Tables 3-5, we estimated 1b, 2b and 3b). As described in Methods section M2.3, to quantify the comparisons of the relative benefit and relative loss of the effects of the own-sex-specific longevity loci compared to the other sex, we define the sex-specific genetic relative benefit/loss ratio for the own-sex-specific longevity loci as: the ratio of absolute values of the cross-sex relative differences in the odds ratios of longevity of carrying the genotype of High-PRS versus Low-PRS based on the own-sex-specific loci (see SM Table 13 for the formulas).
As shown in part (a) of panel (i) in Table 3 , for the 11 male-specific longevity loci, the odds ratio of longevity in males with the High-PRS is 72.6% higher (benefit) than that of females with the same High-PRS; and the odds ratio of longevity in males with the Low-PRS is 76.5% lower (loss) than that of females with the same Low-PRS.
Thus, the male genetic relative benefit/loss ratio (compared to females) due to carrying the High-PRS or Low-PRS of the 11 male-specific (own-sex) longevity loci is 0.95 (= 72.6% / |-76.5%|). Similar comparisons shown in part (b) of panel (I) in Table 3, however, indicate that the female genetic relative benefit/loss ratio (compared to males) due to the 12 female-specific (own-sex) longevity loci is 6.65 (= 165.6% / |-24.9%|), which is 7.0 times as high as the male genetic relative benefit/loss ratio due to the 11 male-specific longevity loci.
The estimates presented in panel (I) of Tables 4-5 for the sex-specific longevity strong loci or moderate loci reveal the same pattern as shown in panel (I) of Table 3 , namely, the female genetic relative benefit/loss ratios due to own-sex-specific longevity loci are substantially higher than that of males (Tables 4-5) .
Results of the other-sex-specific longevity loci
As shown in Fig 1a, Table 13 for the formulas).
As shown in part (b) of panel (II) in Table 3 , for the 12 female-specific longevity loci, the odds ratio of longevity in males with Low-PRS is 33.1% higher (benefit) than that of females with the same Low-PRS, and the odds ratio of longevity in males with High-PRS is 62.4% lower (loss) than that of females with the same High-PRS. Thus, the male genetic relative benefit/loss ratio due to the 12 female-specific (other-sex) longevity loci is 0.53 (=33.1% / |-62.4%|). However, similar comparisons shown in part (a) of panel (II) in Table 3 indicate that the female genetic relative benefit/loss ratio (compare to males) due to the 11 male-specific (other-sex) longevity loci is 7.74 (=325.8% / |-42.1%|), which is 14.6 times as high as the male genetic relative benefit/ loss ratio due to the 12 female-specific longevity loci.
The estimates presented in panel (II) of Tables 4-5 for the sex-specific longevity strong loci or moderate loci reveal the same pattern as panel (II) of Table 3 , namely, the female genetic relative benefit/loss ratios due to other-sex-specific longevity loci are substantially higher than that of males (Tables 4-5 ).
In sum, the results presented in Figs 1-3 and Tables 3-5 and summarized above indicate that, for the own-sex-specific longevity loci, the ratios of relative benefits due to carrying the High-PRS genotype (gaining the positive effects) to relative loss due to carrying the Low-PRS genotype (suffering the negative effects)
are much higher in females than in males. For the other-sex-specific longevity loci, the ratios of relative benefits due to carrying the Low-PRS genotype (avoiding the negative effects) to relative loss due to carrying the High-PRS genotype (missing the positive effects) are also much higher in females than in males.
Integrated PRS analyses on all of the loci associated with longevity in males or females
As outlined above and presented in Figs 1-3 and Tables 3-5 , our integrated PRS analyses based on the sex-specific loci have demonstrated that the genetic association with longevity is substantially stronger in females than in males. However, this is not yet a completed story, because genetic associations with longevity in males and females are affected not only by sex-specific loci but also by the other not-sex-specific loci. To obtain a complete picture of sex differences in genetic association with longevity, we further identified the following three groups of independent loci associated with longevity including all of the sex-specific and not-sex-specific loci (SM Table 11 ):
(1) 32 loci associated with longevity with P<10 We conducted integrated PRS analysis based on these three groups of loci associated with longevity including all of the sex-specific and not-sex-specific loci, and the results indicate that all of the odds ratios of longevity associated with carrying the High-PRS, Mid-PRS or Low-PRS of the loci with P<10 -5 , P<10 -4 or P<10 -3 in females are substantially higher than that in males (SM Figs 5-7) , except the estimates for the Low-PRS of the loci with P<10 -3 are not significant and show no sex difference (SM Fig 7) .
DISCUSSION
Our sex-stratified GWAS identified 11 male-specific and 12 female-specific independent loci associated with longevity (P<10 -5 ), and replicated in independent sex-stratified North and South China datasets. Notably, all of these newly identified and replicated sex-specific loci were not significant (P>0.05) in the other sex. We found that the rs60210535 of LINC00871 overlapped between Chinese females (P=4.6x10 -5 ) and U.S. females (P=9.0 x10 -5 ), but were not significant in both Chinese and U.S.
males (P>0.05).
Our PRS analyses showed that each of the six exclusive groups of sex-specific loci of 11/12 male/female top loci (P<10 -5 Tables 1-2 and SM Tables 5-10 ). This is because the associations of the sex-specific loci with longevity are substantially offset by non-significance in the other sex, which implies that previously published GWAS on longevity identified sex-independent genetic variants (such as APOE, 5q33.3, IL6 and FOXO3A) but missed sex-specific longevity loci. This is consistent with the conclusion of Ober et al. (29) that "Genetic studies that ignore sex-specific effects in their design and interpretation could fail to identify a significant proportion of the genes that contribute to risk for complex diseases".
Our pathway analysis revealed that inflammatory cytokines and Toll-like receptor (TLR) signaling pathways are enriched in 11 of identified male-specific
pathways. Clinical data demonstrate that males and females differ regarding their innate, humoral and cell-mediated responses to viral challenge (30) . For example, males develop lower antibody responses and show significantly lower vaccine efficacy than females. Moreover, it is well known that longevity is associated with sex-specific differences in the immune system, and that there is a progressive decline in immunity and dysregulated inflammatory response in males ( [31] [32] . Consistent with these trends, and with previous genetics findings ( [33] [34] , we found that the pro-inflammatory cytokine interleukin 6 (IL-6) pathway is significantly associated with longevity in males. Furthermore, we identified the signaling pathway for the pathogen recognition receptor TLR3 as the most significant pathway associated with male longevity. Others previously reported that the TLR3 signaling pathway is dysregulated in elderly humans (35) . TLR3 signaling evokes IL-6 production (36), and initiates innate immunity and facilitates adaptive immunity by promoting maturation of dendritic cells (36, 37) . It is plausible to hypothesize that altered increasing dysregulation of the IL-6 and TLR3 signaling pathways, that may happen normally, renders males more susceptible to bacterial and viral infections than females; conversely, in Could the stronger genetic association in females than in males be driven by the larger sample size of female centenarians compared to males, which is common in all studies of centenarians and in the real world? Our answer is no, mainly for two reasons. First, in China in the 1990s there were 2.3 male centenarians per one million males and 7.8 female centenarians per one million females; this implies that male centenarians are much more stringently selected "longevity-stars" due to higher death rates in males than in females at younger ages. Consequently, as shown in SM Tables [5] [6] [7] [8] [9] [10] , the proportions of variance in the male longevity trait jointly explained by the male-specific loci are substantially larger than the variance in the female longevity trait jointly explained by the female-specific loci, although the male centenarians sample size is substantially smaller than that of females. This may explain why our female-specific GWAS has a relatively good power and the power of our male-specific GWAS is also reasonably acceptable (SM section S6; SM Table 14) ; and why the power of our PRS analyses estimated using the AVENGEME method and its R program (24) are excellent for both sexes: 0.997~0.999 for males and 1.00 for females (SM section S6; SM Table 15 ). In other words, the male centenarians' feature of being more stringently selected "longevity-stars" may offset the shortage of power due to their much smaller sample size compared to female centenarians. Second, additional analysis based on a randomly selected female centenarians/controls sample that has the same size as the male sample demonstrated the same pattern of sex differences as analyses using the total female and male samples (data not shown but available upon request).
We also believe that our findings of stronger genetic association in females than in males are not biased by the larger number of identified female-specific longevity loci than that of males, based on following evidence. First, the PRS score of a group of loci at a given significance level for each of the individuals does not depend on the number of loci included, because the score is constructed by the sum of the number of risk allele copies of each of the loci multiplied by the log of the odds ratio of the trait and then divided by the total number of loci (23, 24) . Second, the numbers of loci included are exactly the same for males and females in the integrated PRS analyses on each of the six groups of the male-and female-specific loci presented in Based on reviews of 22 studies examining the fifteen historical famines worldwide, it was found that in the event of a severe famine, male excess mortality rate often exceeds female excess mortality rate, in particular for infants (56) . The "female survival advantage" also has been detected in the famines in post-war China (1959) (1960) (1961) , Bangladesh, and the Sudan (57, 58) . Excess age-specific mortality rates were found among males compared to females during the heat wave of summer (59) . Why did females suffer substantially less in survival than males when faced with the same negative shocks in environmental changes during the famines and other non-war circumstances, especially given that females' socioeconomic status was on average poorer than males? Females' genetic constitution that favors longevity more than males' may serve as one of the plausible explanations.
In sum, our sex-stratified GWAS and novel bio-demographic analysis using the polygenic risk scores have discovered that sex differences in genetic associations with longevity are remarkable and that females' genetic constitution favors longevity more than males'. We believe that these new findings may be partially explained by a hypothesis that females' advantages in genetic constitution were accumulated during human evolution to meet their reproductive and offspring-caring duties as mothers and grandmothers, mainly based on review and analysis of the relevant literature.
The present study has several limitations. First, although our sample size of centenarians is about 2.7 times as large as other largest published single GWAS of centenarians (2), our sex-stratified sample sizes of centenarians, especially for males, may still not be large enough. Most likely, this accounts for the fact that none of our identified sex-specific Single SNPs individually reached genome-wide significance.
Second, while our analyses using centenarians as cases and middle-aged adults as controls are scientifically justified and widely practiced in the literature (see SM section S1) to identify associations between genetic variants and longevity, we did not investigate effects of gene-environment interactions on longevity of reaching age 100+
in the present study. This is due to the lack of long-term follow-up GWAS data from the members of the same birth cohort at young ages and ages 100+ for any population and the incompatibility of the environmental factors of the centenarian cases and middle-aged controls who were born about 50 years apart. Third, while the association with longevity of sex-specific genetic variants (individually and combined into polygenic risk scores) and sex-specific biological pathways are described in this study, these associations cannot be assumed to cause our novel finding of stronger genetic association in females than in males. However, the key findings of this study, remarkable sex differences and females' genetic constitution that favors longevity more than males', are worthy of further investigations by interdisciplinary collaborative efforts, such as replications from other populations, international meta-analysis with much larger sample size, lab tests and in silico functional validations.
METHODS
M1 Sex-stratified GWAS
M1.1 Sex-specific Single SNP analysis
To minimize false-negative and false-positive rates, we applied a novel bi-directional discovery-evaluation strategy (60) (note: we use "discovery-evaluation" in single SNP
analysis and "discovery-target" in PRS analysis, following the practice in the literature).
This involved analyzing the sex-specific North region GWAS datasets for discovery and the sex-specific South region GWAS datasets for evaluation, then vice versa. In this way, we captured all sex-specific SNPs associated with longevity with a p-value lower than the threshold in the discovery stage and nominal significance in the evaluation stage, and fully utilized the available sex-specific independent GWAS datasets of North and South regions (SM section S3).
We performed single SNP analysis of sex-stratified GWAS using logistic regression as implemented in PLINK (1.06) (61) . To minimize the effects of population stratification, we adjusted for the top two eigenvectors, which corrected nearly all of the stratification that can be corrected (62) . In the sex-stratified and North-South combined data analysis, we also adjusted for the geographic stratification of the North and South regions.
M1.2 Sex-specific pathway analysis
Pathway enrichment analysis was performed to identify biological pathways associated with the sex-specific loci. First, we applied PRSice (Polygenic Risk Score software) (25) to calculate BEST-FIT-P value cutoffs of SNPs used for pathway analysis. Second, an improved gene set enrichment analysis (GSEA) for GWAS, i-GSEA4GWAS (63), was implemented to map genes to pathways. Pathway gene sets with P<0.005 and false discovery rate FDR<0.05 were regarded as significantly associated with longevity. The sex-specific significant pathways were analyzed independently.
M2. The PRS analyses
As reported in the literature, one of the main types of PRS analyses uses the results of loci associated with a health outcome identified in another independent study with large sample size (such as published consortium or meta-analysis) to construct a PRS and test the association in the population under investigation, which likely has relatively small sample size (e.g. ref. 31). Another major type of PRS analyses consists of a two-stage analytical design: (I) Conduct GWAS (or candidate genes analysis) to identify the SNPs associated with the health outcome; (II) Conduct PRS analysis to assess the joint effects of the identified SNPs based on a discovery dataset, and then test these PRS scores using an independent dataset as target sample (22, 27, 64) .
Given the fact that there was no sex-stratified GWAS on longevity prior to the present study, we employ an extended two-stage study design: Stage I. Sex-stratified GWAS to identify the sex-specific loci associated with longevity; Stage II. PRS analyses to assess the joint effects of the sex-specific loci and better understand the sex differences in genetic association with longevity. As described and justified in the section M2.1 below, we use dataset of one sex as discovery sample and the independent dataset of other sex as target sample. 
M2.1 The PRS analyses for males and females separately
Our PRS analyses for males and females separately include the following two sub-steps: (A) Assess the joint effects of the sex-specific longevity loci identified in our sex-stratified GWAS, using the dataset of one sex as discovery sample. (B) Test whether the identified sex-specific loci are jointly associated with longevity in the independent dataset of the other sex as target sample. We did not re-identify the sex-specific loci based on North (or South) sex-specific sub-samples only to construct the PRS and test it in the South (or North) sex-specific sub-samples, mainly for three reasons. First, using the North (or South) sex-specific sub-samples only to select loci for constructing PRS would miss substantial numbers of sex-specific loci due to not fully utilizing all available GWAS data (see SM section S3 for justification and numerical illustration). Second, It would be very hard to understand and interpret the sex differences based on the PRS results of 4 (=2 x 2) sub-datasets of North-South and male-female cross-divisions. Third, the purpose of our PRS analyses is to assess the joint effects of the sex-specific loci identified in the sex-stratified GWAS (each of them may have a very small effect on longevity) and to evaluate the sex difference in genetic association with longevity. There is no need to re-identify sex-specific loci using the North (or South) dataset only and test them in the South (or North) dataset, as it does not serve the purpose of our PRS analyses. Note that the basic design of our PRS analyses for males and females separately using the loci identified in the GWAS is consistent with other PRS studies focusing on sex differences (3).
Normally, the PRS in the target sample are constructed using the log of odds ratio of longevity from the discovery sample as the weights because the target sample is used to replicate the results of association found in the discovery sample, or to predict the trait in the target sample using the results of the discovery sample (23, 24) .
However, the purpose of the PRS analysis on the sex-specific loci using the dataset of one sex as discovery sample and dataset of the other sex as target sample in present study (see panels (A) and (B) in SM Tables [5] [6] [7] [8] [9] [10] ) is not for replication or prediction of the results from discovery sample. Instead, we aim to assess whether the sex-specific loci, whose joint effects are significantly associated with longevity in the discovery sample of one sex, are significant or not in the other sex dataset as target. In short, we aim to identify the differences across sexes. Thus, for the PRS of the other sex target sample, we must use the odds ratios as weights estimated by its own dataset, namely, the other sex dataset, rather than using the odds ratios from the discovery sample (3). This is because using the log of odds ratio of longevity from sample of one sex (discovery) as the weights in the sample of other sex (target) would largely over-estimate the sex differences in genetic association with longevity.
We use the PRSice software, which is specially designed for PRS analysis (25) to estimate the PRS of the selected longevity loci for each of the centenarians and controls. We employed the PRSice's "clumping" method with default option to select tag-SNPs or "independent loci" by excluding all SNPs with Linkage disequilibrium (LD; r 2 >0.1); only the "independent loci" are used to calculate the PRS. We used STATA 12.0 software to perform the sex-specific case/control association analysis on longevity using the ordered variables (trisections) of the PRS. We also used the PRSice software to conduct the analysis based on the continuous PRS for males and females, which indicated similar general patterns as those based on trisections of PRS presented in the SM Tables 5-10 .
M2.2 Integrated sex-specific PRS analysis
It is hard to quantify sex differences in genetic association with longevity solely based on GWAS or PRS analyses for males and females separately (Tables 1-2 and SM   Tables 5-10 ). This is because such separated analyses use different reference groups for males and females respectively, making the odds ratios and other estimates for males and females not fully compatible. Thus, to quantify and better understand the sex differentials in genetic associations with longevity, we conducted integrated PRS analyses to assess differences in the odds ratio of longevity between those who have different combinations of the statuses of sex (male, female) and the genotypes measured by the trisections of the PRS (high, medium, low) summarizing the identified sex-specific longevity loci. The strength of the integrated PRS analysis, which uses one reference group, is that all of the sex-specific odds ratios and other estimates are fully compatible and can be intuitively depicted in the graphics (Figs 1-3 and SM Figs [5] [6] [7] . Note that this statistical analysis procedure was applied in previous publications (65) (66) and we apply it here to the integrated sex-specific PRS analyses using the STATA 12.0 software (see SM section S4 for a technical note).
M2.3 A novel bio-demographic index of "sex-specific genetic relative benefit/loss ratio"
As presented earlier and demonstrated numerically in Tables 3-5, we estimate To quantify the relative positive and relative negative effects of the sex-specific longevity loci compared to the other sex, we proposed a novel bio-demographic index, the sex-specific genetic relative benefit/loss ratio, defined as: (A) sex-specific genetic relative benefit/loss ratio for the own-sex-specific longevity loci, which is the ratio of absolute values of the cross-sex relative differences in odds ratios of High-PRS versus Low-PRS; (B) sex-specific genetic relative benefit/loss ratio for the other sex longevity loci, which is the ratio of absolute values of the cross-sex relative differences in odds ratios of Low-PRS versus High-PRS (see SM Table 13 for the formulas). The word "relative" in the index name means comparing to the other sex.
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